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The identification of a constitutively active JAK2 mutant, namely JAK2-V617F, was a milestone in the understanding 
of Philadelphia chromosome-negative myeloproliferative neoplasms. The JAK2-V617F mutation confers cytokine 
hypersensitivity, constitutive activation of the JAK-STAT pathway, and cytokine-independent growth. In this study we 
investigated the mechanism of JAK2-V617F-dependent signaling with a special focus on the activation of the MAPK 
pathway. We observed JAK2-V617F-dependent deregulated activation of the multi-site docking protein Gabl as 
indicated by constitutive, PI3K-dependent membrane localization and tyrosine phosphorylation of Gabl. Furthermore, 
we demonstrate that PI3K signaling regulates MAPK activation in JAK2-V617F-positve cells. This cross-regulation of the 
MAPK pathway by PI3K affects JAK2-V617F-specific target gene induction, erythroid colony formation, and regulates 
proliferation of JAK2-V617F-positive patient cells in a synergistically manner. 



Introduction 

Most cytokines signal through the Janus kinase (JAK) -signal 
transducer and activator of transcription (STAT) pathway. 
Depending on the cytokine or growth factor, the mitogen acti- 
vated protein kinase (MAPK) cascade, the phosphatidyl-inositol- 
3-kinase (PI3K) cascade as well as the phospholipase C (PLC) 
pathway may be additionally activated. Maintaining the balance 
between STAT-dependent and STAT-independent pathways 
is very crucial to prevent severe inflammatory and neoplastic 
disorders. 1 Constitutive cytokine signaling is often associated 
with inflammatory, autoimmune, or neoplastic diseases. The 
identification of a constitutively active mutant of JAK2, namely 



JAK2-V617F, in the year 2005 2 " 7 was a milestone in the under- 
standing of Philadelphia chromosome-negative myeloprolifera- 
tive neoplasms. The activating JAK2-V617F mutation is found 
in approximately 95% of polycythemia vera (PV) patients, in 
about 55% of patients with essential thrombocythemia (ET) or 
primary myelofibrosis (PMF) and rarely in other myeloid disor- 
ders. 8,9 Myeloproliferative neoplasms (MPN) are clonal hemato- 
poietic disorders arising either from a hematopoietic stem cell or 
in some cases at the level of a pluripotent hematopoietic progeni- 
tor cell. MPN are characterized by uni- or multi-lineage hemato- 
poietic hyperplasia resulting in an overproduction of terminally 
differentiated myeloid cells such as erythrocytes, platelets, or 
granulocytes. 10 The JAK2-V617F mutation confers cytokine 
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hypersensitivity, constitutive activation of the JAK-STAT path- 
way, and cytokine-independent growth of so-called endogenous 
erythroid colonies (EEC) in the majority of patients with PV. 5,11 ' 12 

Currently, only limited knowledge about the underlying 
molecular mechanisms as well as the resulting dysregulations 
associated with JAK2-V617F expression exists. Data derived both 
from patients and mouse models suggest misbalanced signaling 
of the mutated kinase. In addition, there is strong evidence for 
deregulated signaling to be dependent upon the expression level 
of JAK2-V617F. 13 During the last decade, tyrosine kinase inhibi- 
tors (TKI) specifically targeting oncogenic kinases have emerged 
as highly effective and well tolerated anti-cancer drugs. 14 " 18 Thus, 
mutant JAK2 and its downstream signaling components consti- 
tute attractive therapeutic targets for MPN patients. 

Currently, multiple clinical trials employing JAK2 tyro- 
sine kinase inhibitors for the treatment of MPN are under way. 
However, several problems with JAK2 TKI treatment are becom- 
ing more and more evident: JAK2 signaling is crucial for both 
normal hematopoiesis and neoplastic cells, leaving no therapeutic 
window to completely eradicate the malignant clone while saving 
normal hematopoiesis. In addition, due to the highly conserved 
tyrosine kinase domains within the JAK family most, if not all 
currently available JAK2 inhibitors also inhibit other JAK family 
members, thus leading to adverse effects such as immunosuppres- 
sion. 19 " 21 To develop more disease-specific treatment strategies, 
it is of great relevance to understand the mechanisms underly- 
ing the misbalanced signaling and pathophysiological action of 
JAK2-V617F. As a result, a combination of inhibitors against the 
dysregulated pathways could lead to a substantial improvement 
in the treatment of patients with MPN. 

The regulatory signaling network is orchestrated by the cyto- 
kine receptors themselves as well as by adaptor proteins and 
multi-site docking proteins which coordinate and convey the bal- 
ance of signaling processes. In this study, we focus on the MAPK 
activation in JAK2-V617F expressing cells and found deregula- 
tion of the multi-site docking protein Gabl. Gabl is known to 
regulate the PI3K and the MAPK pathway. 22,23 Both pathways 
play an important role in the proliferation and differentiation of 
hematopoietic cells. 

Gab family proteins harbour binding sites for the regula- 
tory subunit p85 of PI3K, the SH2 containing phosphatase 
2 (SHP2), the RasGTPase activating protein (RasGAP), the 
phospholipase C7 (PLC7), the adaptor proteins Crk, CRKL, 
and Grb2. 23 " 25 The timely cellular translocation of Gab proteins 
to the plasma membrane by binding l > tdlns(3,4,5)P } is vital for 
the physiological coordination of the involved signaling path- 
ways. However, recent own studies indicate that the presence 
of Ptdlns (3,4, 5)^3 at the plasma membrane is not sufficient to 
recruit the Gabl protein. Instead, PH domain-mediated recruit- 
ment of full length Gabl to this membrane strongly depends 
on phosphorylation at serine 552 (S552) by ERK1/2. 26 In the 
study presented here, we identified deregulated Gabl activation 
and downstream STAT-independent signaling in JAK2-V617F- 
expressing cells. Finally, we demonstrate that PI3K signal- 
ing and MAPK activation in JAK2-V617F-expressing cells are 
connected and regulate JAK2-V6l7F-specific gene induction. 



Furthermore both pathways control erythroid colony formation 
and act synergistically on cell proliferation of JAK2-V617F- 
positive patient cells. 

Results 

JAK2 and the MAPK cascade act synergistically on the prolif- 
eration of JAK2-V617F positive patient cells. It is known that 
JAK2-V617F activates the JAK-STAT and the MAPK pathway, 
both of which are involved in the regulation of cell prolifera- 
tion. 5,27 " 30 In order to investigate whether inhibitors of the MAPK 
cascade influence the proliferation of JAK2-V6l7F-positive cells 
we incubated in vitro differentiated erythroid cells (amplified 
from CD34* cells from JAK2-V6l7F-positive patients) with 
the MEK1 inhibitor U0126 and the JAK inhibitor 1 (Fig. 1A). 
JAK inhibitor 1 (2 |xM) strongly suppressed cell proliferation. 
U0126 suppressed cell proliferation already at 5 |JtM. Inhibition 
was even more pronounced at higher concentrations (10 and 
20 (JtM) of U0126. Additionally, we investigated whether signal- 
ing through JAK and MEK/ERK exerts any synergistic, addi- 
tive or antagonistic activity on JAK2-V617F-positive primary cell 
growth. Thus, we performed growth assays in the presence of 
both JAK inhibitor 1 and U0126 (ratio of concentrations was 
kept constant at 4:1). Dose-effect analyses of the drug combina- 
tions were performed according to Chou and Talalay using the 
CompuSyn software. 31 " 34 All combination index (CI) values mea- 
sured for cells from three different patients varied between 0.257 
and 0.618 indicating strong synergistic to moderate synergistic 
effects (see also Materials and Methods) (Fig. IB for one of three 
patients). These results indicate that in JAK2-V6l7F-expressing 
primary cells activity of JAK2 and of the MAPK cascade cooper- 
ate to drive proliferation. 

JAK2-V6l7F-specific gene induction. To identify MAPK- 
dependent mechanisms involved in JAK2-V6l7F-mediated 
deregulation of cell signaling and proliferation we screened 
for JAK2-V617F-specific MAPK-dependent gene induction. 
For this aim we utilized HEK293 cells expressing JAK2 wild- 
type or JAK2-V617F under control of a doxycycline-inducible 
promoter. 27 Doxycycline-dependent expression of JAK2 and 
JAK2-V617F is shown in Figure 1C. First, we investigated 
JAK2-V6l7F-specific gene induction by gene array analyses in 
the absence and presence of the MEK inhibitor U0126 (data 
not shown). These analyses identified the matrix metallopro- 
tease (MMP)-IO and the serine protease inhibitor Serpin B2 as 
JAK2-V6l7F-inducible and MAPK-dependent genes. Serpins 
and MMPs are involved in fibrin and matrix remodeling, as well 
as in blood clotting. Plasminogen activator inhibitors (PAI-1 and 
PAI-2 [also known as Serpin B2]) inhibit plasminogen activation, 
fibrinolysis and ECM degradation. The activity or upregulation 
of PAIs is correlated with bleeding or thrombosis in patients with 
PV, ET, or other MPNs who often suffer from hemostasis disor- 
ders as a result of disordered fibrinolytic activity. 35 " 37 Increased 
Serpin B2 levels were also reported in atypical myeloproliferative 
diseases. 38 Importantly, Serpin B2 exerts cytoprotective activi- 
ties by inhibiting retinoblastoma protein degradation and inhi- 
bition of procaspase 3 activation. 3 '- 1,40 Matrix metalloproteases 
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(MMPs) have been described to be involved in bone marrow 
remodelling in myofibrosis, PV, and ET 41 ' 42 and are also associ- 
ated with the mobilization of CD34* cells to peripheral blood in 
myofibrosis. 43 Although overexpression of MMP10 (also known 
as Stromelysin-2) is mainly associated with solid tumors, it has 
recently been found upregulated in T lymphoma. 44 As MMP-10 
is induced by JAK-utilizing cytokines such as IL-4, IL-6, and 
IL-13 44 a JAK2-V6l7F-dependent MMP-10 gene induction as 
shown here is likely to be relevant. 

Induction of MMP10 and Serpin B2 genes in response to 
JAK2-V617F expression was confirmed by RT-qPCR (Fig. ID, 
upper panels). In clear contrast, expression of JAK2 wild-type 
did not induce MMP-10 or Serpin B2 gene induction arguing 
for JAK2-V6l7F-mediated gene expression. MAPK-dependent 
induction of MMP-10 and Serpin B2 was confirmed by the 
observation that both genes were not induced in the presence of 
U0126 (Fig. ID, lower panels). 

JAK2-V6l7F-specific activation of signaling components. 
We speculated that the molecular basis for JAK2-V6l7F-specific 
gene induction may be reflected by activation of specific signal- 
ing pathways. Thus, we first monitored activation/phosphoryla- 
tion of ERIC, STAT3, STAT5, and Gabl in HEK cells expressing 
JAK2 or JAK2-V617F (Fig. 2A). Phosphorylation of these pro- 
teins was only detectable in cells expressing JAK2-V617F but 
not in cells expressing JAK2 or in the absence of doxycycline. 
Importantly, activation of these signaling components could be 
blocked by the JAK inhibitor 1, further supporting the idea that 
activation of STAT proteins and of the Gabl/ERK pathway in 
JAK2-V6l7F-expressing cells is due to the enzymatic activity of 
JAK2-V617F. To further confirm these findings in the model 
system, we additionally monitored activation of the observed 
proteins in patient-derived human erythroleukemia (HEL) cells, 
which express JAK2-V617F endogenously (Fig. 2B). Similar to 
JAK2-V617F expressing HEK cells, phosphorylation of Gabl, 
ERK, STAT3, and STAT5 was detected and could be prevented 
by JAK inhibitor 1 in HEL cells. These observations recapitulate 
that JAK2-V617F activates STAT transcription factors as well as 
the MAPK cascade. Furthermore, we demonstrate for the first 
time that Gabl is constitutively phosphorylated in JAK2-V617F- 
expressing cells. Gab proteins contribute to hematopoiesis and 
coordinate MAPK and PI3K signaling in response to many cyto- 
kines and growth factors. Both pathways are frequently deregu- 
lated in cancer cells. 45 Furthermore cancer- associated mutations 
in Gabl have recently been identified. 46 Thus, the potential 
involvement of Gabl in the pathways activated by JAK2-V617F 
was further investigated. 

JAK2-V617F affects the cellular distribution of Gabl. In 
response to growth factor or cytokine stimulation Gabl translo- 
cates from the cytoplasm to the plasma membrane to coordinate 
signal transduction. As we detected constitutive phosphoryla- 
tion of Gabl in JAK2-V6l7F-expressing cells, we tested whether 
JAK2-V617F expression also affects the cellular distribution of 
Gabl. Gabl-GFP was expressed in HEK JAK2 or HEK JAK2- 
V617F cells. Figure 3 shows Gabl residing in the cytoplasm in 
HEK JAK2 cells in the absence and presence of doxycycline 
arguing that induction of wild-type JAK2 expression does not 



influence the cellular distribution of Gabl. However, the expres- 
sion of JAK2-V617F results in the recruitment of Gabl to the 
plasma membrane. These observations indicate that JAK2- 
V617F leads to deregulated cellular distribution of the multi-site 
docking protein Gabl. 

JAK2-V6l7F-dependent membrane recruitment of Gabl 
requires sustained MAPK activity. In a previous study we dem- 
onstrated that cytokine-induced membrane recruitment of Gabl 
requires MAPK-dependent phosphorylation of serine residues 
552 and 568 of Gabl 26 which releases a block of the PH-domain 
(Wolf et al., unpublished data). Here, we tested whether mem- 
brane recruitment of Gabl initiated by JAK2-V617F expression 
is accomplished by the same molecular mechanisms. HEK cells 
expressing JAK2-V617F were treated with the MEK inhibitor 
U0126 for 2.5 h or with solvent alone. Figure 4A shows mem- 
brane binding of Gabl-GFP in JAK2-V6l7F-expressing HEK 
cells in the absence of U0126. However, administration of U0126 
almost completely induces re-localization of Gabl to the cyto- 
plasm. In line with these results, Gabl S552, 568A mutants are 
not found at the plasma membrane in cells expressing JAK2- 
V617F, whereas Gabl S552, 568E mutants, mimicking phos- 
phorylation of both serine residues, are located at the membrane 
independently of JAK2-V617F expression (Fig. 4B). Therefore, 
we conclude that JAK2-V6l7F-dependent persistent membrane 
binding of Gabl is regulated by continuous MAPK activity and 
phosphorylation of serine residues 552 and 568 of Gabl. 

JAK2-V6l7F-dependent membrane recruitment of Gabl 
requires the PH domain within Gabl and sustained PI3K activ- 
ity. Cytokine-induced membrane recruitment of Gabl is facili- 
tated through the N-terminal PH domain of Gabl. However, the 
isolated PH domain of Gabl was found at the plasma membrane 
also in the absence of cytokines 26 due to the lack of PH domain- 
blocking regions found in Gabl (Wolf et al., unpublished data). 
Here we tested the cellular distribution of Gabl-APH, lacking 
the PH domain and Gabl-PH (the isolated Gabl PH domain) 
in the presence or absence of JAK2-V617F. Figure 5A demon- 
strates that JAK2-V617F expression had no effect on the cellular 
distribution of Gabl-APH or Gabl-PH. This demonstrates that 
the PH domain is necessary for correct Gabl localization and 
that JAK2-V617F signaling does not change Gabl localization by 
directly affecting this domain. 

PH domains are known to bind Ptdlns (3,4, 5)^3 at the plasma 
membrane. Therefore, we asked whether JAK2-V6l7F-dependent 
Gabl membrane binding could be blocked by inhibitors of the 
PI3K. Figure 5B demonstrates that in JAK2-V617F expressing 
cells Gabl moves from the plasma membrane back to the cyto- 
plasm after addition of Wortmannin or LY294002. These data 
show that persistent membrane recruitment of Gabl in response 
to JAK2-V617F expression requires its PH domain and sustained 
PI3K activity. 

PI3K affects JAK2-V6l7F-dependent Gabl phosphorylation 
and MAPK activation. Since PI3K inhibitors affected the JAK2- 
V6l7F-dependent cellular distribution of Gabl, we asked whether 
they also influence signaling pathways coordinated by Gabl in 
JAK2- or JAK2-V617F-expressing cells. We analyzed Gabl, 
ERK, and also STAT3 phosphorylation in HEK cells expressing 
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Figure 1. For figure legend, see page 5. 



JAK2-V617F or JAK2 (Fig. 6A). As already shown in Figure 2A, 
JAK2-V617F expression induces phosphorylation of Gabl, ERK, 
and STAT3, whereas expression of wild-type JAK2 did not induce 



phosphorylation of these proteins. Interestingly, the PI3K inhibi- 
tor Wortmannin reduced phosphorylation of Gabl and ERK in 
JAK2-V6l7F-expressing cells while maintaining the activation of 
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Figure 1 (See previous page). JAK2-V617F-specific cell proliferation and gene induction. (A) In vitro differentiated erythroid cells (from CD34 + cells 
of three JAK2-V617F positive patients) were subjected to proliferation assays and were treated with JAK inhibitor 1 (JI1, 2 \xM) and different concentra- 
tions of U0126 (5, 10, and 20 ^iM) in 96 well plates. After 72 h 10 (jlI of WST-1 reagent was added and the relative proliferation of cells was assessed ac- 
cording to the manufacturer's instructions using an absorbance reader. (B) In vitro differentiated erythroid cells were treated with JAK inhibitor 1 (JI1), 
U0126 (U0) or a combination thereof (JI1 + U0, ratio of concentrations was kept constant at 4:1). Proliferation was investigated as described in (A) and 
a dose-effect analysis of the drug combination was performed using the CompuSyn software. Combination index (CI) values lower than 0.9 indicate 
synergistic effects. (C) HEK JAK2 and HEK JAK2-V617F cells were cultivated for 11 h in the absence (-) or presence (+) of doxycycline (dox) (1 ng/ml) 
to induce JAK2 and JAK2-V617F gene expression. Cells were lysed and whole cell lysates were separated by SDS-PAGE and analyzed by western blot 
immunodetection for expression of JAK2 and STAT3 to control loading of the gel. (D) Cells were treated as for (C). Where indicated 10 ^iM U0126 was 
added for the last 6.5 h of cultivation (lower panels). Gene induction of MMP-1 0 and Serpin B2 was detected by qRT-PCR. 
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Figure 2. JAK2-V617F-specific activation of signaling components. (A) HEK JAK2 and HEK JAK2-V617F cells were cultivated for 12 h in the absence or 
presence of doxycycline (1 ng/ml) to induce JAK2 and JAK2-V617F gene expression. Where indicated 500 nM JAK inhibitor 1 was added to the cells for 
4 h. Subsequently, cells were lysed and whole cell lysates were separated by SDS-PAGE and analyzed by western blot immunodetection for phos- 
phorylated Gab1, ERK, STAT3, and STAT5. After stripping the membranes were stained with antibodies against JAK2 to monitor JAK2 gene induction 
and with antibodies against Gab1, ERK, STAT3, and STAT5 to control for equal loading of the gel. (B) HEL cells were treated with 500 nM JAK inhibitor 1 
for 4 h or left untreated. Subsequently, cells were lysed and whole cell lysates were separated by SDS-PAGE and analyzed by western blot immunode- 
tection for phosphorylated Gab1, ERK, STAT3, and STAT5. After stripping the membranes were detected with antibodies against Gabl, ERK, STAT3, and 
STAT5 to control for equal loading of the gel. 



the STAT3 pathway (Fig. 6A) . Similar observations were made in 
the HEL cells (expressing JAK2-V617F endogenously) (Fig. 6B): 
Treatment of the cells with JAK inhibitor 1 demonstrated STAT3, 
STAT5, Gabl, and ERK activation/phosphorylation depending 
on JAK2-V617F enzymatic activity. Both the PI3K inhibitor 
Wortmannin and the MAPK inhibitor U0126 reduced persistent 
phosphorylation of Gabl and ERK, whereas STAT activation was 
not affected in HEL cells. These data identified PI3K and MAPK 
activity to be crucial for persistent Gabl tyrosine phosphorylation 
in JAK2-V6l7F-expressing cells. Interestingly, inhibition of the 
PI3K pathway also inhibited persistent MAPK activation in HEK 
JAK2-V617F cells. These data demonstrate that JAK2-V617F- 
mediated MAPK activation is regulated by the PI3K pathway. 



PI3K activity is involved in JAK2-V6l7F-induced, MAPK- 
dependent gene induction of MMP-10 and Serpin B2. Since 
PI3K inhibitors affected JAK2-V6l7F-dependent MAPK acti- 
vation we asked whether this cross-regulation has an impact on 
JAK2-V6l7F-specific gene induction of MMP-10 and Serpin 
B2 demonstrated in Figure ID. Thus, we compared JAK2- 
V6l7F-dependent gene induction in the absence or presence of 
JAK inhibitor 1, U0126, or Wortmannin in HEK JAK2-V617F 
cells (Fig. 7A). Expression of MMP-10 and Serpin B2 was only 
observed after induction of JAK2-V617F with doxycycline. JAK 
inhibitor 1 as well as U0126 completely blocked gene expres- 
sion of both JAK2-V617F target genes. Interestingly and in line 
with the biochemical analyses above, Wortmannin diminished 
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Figure 3. JAK2-V617F induces membrane localization of Gab1. HEK 
JAK2/Gab1-GFPand HEK JAK2-V617F/Gab1-GFP cells were seeded and 



JAK2-V6l7F-dependent induction of MMP-10 and Serpin B2 to 
a similar extent as Wortmannin reduced ERK-phosphorylation 
in Figure 6. These results underline the importance of PI3K for 
the induction of MAPK-dependent JAK2-V6l7F-specific genes. 

JAK2-V6l7F-dependent erythroid colony formation 
depends on PI3K and MAPK activity. To study the relevance of 
MAPK and PI3K pathway activation for blood cell differentia- 
tion in JAK2-V6l7F-expressing cells, we compared erythroid col- 
ony formation in the absence or presence of JAK, PI3K or MEK 
inhibitors. Hematopoietic progenitor cells (CD34*) derived 
from two JAK2-V6l7F-positive MPN patients were cultured in 
the absence or presence of inhibitors of the JAK2, PI3K/Akt, 
and MAPK pathway (JAK inhibitor 1, MK2206, and U0126, 
respectively). MK2206 (an Akt inhibitor) had to substitute for 
Wortmannin because of its longer half-life in aqueous solution, 
appropriate for long-term experiments. MK2206 showed simi- 
lar potency in suppressing Akt phosphorylation when compared 
with Wortmannin (data not shown). As shown in Figure 7B 
erythroid colony formation was reduced by all three inhibitors 
demonstrating that all three pathways act together in driving red 
blood cell differentiation. 

In summary, all these data support the hypothesis that deregu- 
lated cell proliferation of JAK2-V6l7F-expressing cells is strongly 
influenced by MAPK and PI3K activity. 

Inhibition of PI3K/Akt and the MAPK cascade affect 
proliferation of JAK2-V6l7F-positive patient cells synergisti- 
cally. Due to the regulation of MAPK by the PI3K pathway in 
JAK2-V6l7F-expressing cells we sought to investigate whether 



these two pathways act synergistically on the proliferation of in 
vitro differentiated erythroid cells (amplified from CD34* cells 
of JAK2-V6l7F-positive MPN patients). We incubated the cells 
with MK2206, U0126, or a combination thereof (the ratio of 
concentrations was kept constant at 3:1). A dose-effect analysis 
was performed as for Figure 1A. All CI values measured for cells 
from three different patients varied between 0.110 and 0.610 
indicating strong synergistic to moderate synergistic effects (see 
also Materials and Methods) (Fig. 8 shows representative results 
of one of three patients). These observations indicate that prolif- 
eration of JAK2-V617F-positive primary cells is induced by syn- 
ergistic cooperation of the PI3K and MAPK pathways. 

Discussion 

Most therapeutic strategies based on interfering with signal- 
ing cascades rely on the classical linear concept of signal trans- 
duction pathways. JAK inhibitors have been described to have 
beneficial effects in clinical trials by alleviating constitutional 
symptoms observed in MPN patients 47,48 while there is no evi- 
dence that conventional treatment (by cytoreductive drugs [e.g., 
hydroxyurea, IFNa], chemotherapeutic agents or radiation) 
improves the constitutional symptoms. 49 Unfortunately, treat- 
ment of myelofibrosis patients with ruxolitinib (the first FDA- 
approved JAK inhibitor) neither leads to the reduction of bone 
marrow fibrosis or JAK2-V617F allele burden nor does it improve 
overall survival compared with the best available conventional 
therapy. Instead, the treatment with JAK inhibitors commonly 
induces adverse effects as (severe) anemia and thrombocytopenia 
probably resulting from the inhibition of downstream signaling 
of cytokine receptors employing JAK1 or JAK2. Therefore, the 
elucidation of underlying molecular mechanisms including the 
interplay between the JAK-STAT signaling pathway with other 
signaling pathways or other players to identify new target mol- 
ecules remains a major mission of research in the field of MPN. 
Consequently, a detailed analysis of the signaling events down- 
stream of JAK2-V617F is mandatory. 

In the study presented here, we demonstrate that the PI3K 
pathway regulates JAK2-V6l7F-dependent MAPK activation 
(Fig. 6) and MAPK-dependent gene induction in JAK2-V617F- 
positive cells (Fig. 7). Furthermore, we show deregulated phos- 
phorylation (Fig. 2) and cellular translocation of Gabl (Fig. 3) 
which is known to regulate MAPK activation in response to cyto- 
kines PI3K-dependently. 23,50 Finally, we demonstrate synergistic 
action of the PI3K and MAPK pathway on the proliferation of 
JAK2-V6l7F-positive patient cells (Fig. 8). These new insights 
could help to develop more specific, combinatorial therapeutic 
approaches to treat MPN patients. 

Development of therapies concomitantly inhibiting JAK2 
and ideally synergistically other important cellular regulators 
might contribute to reach this goal. Combining specific kinase 
inhibitors with JAK inhibitors has beneficial effects on growth 
inhibition of JAK2-V6l7F-expressing cells. Aurora kinase 
inhibitors, 51 PI3K/Akt/mTOR pathway inhibitors, 52 " 54 or MEK 
inhibitors 55 (Fig. 1) act synergistically with JAK inhibitors on the 
proliferation of JAK2-V6l7F-positive cells. Additionally, other 



cultivated on poly-L-lysine-coated glass bottom dishes. On the follow- 
ing day the medium was replaced by phenol red-free DMEM/10% FCS 
and cells were left for 24 h in the incubator. Cells were left untreated or 
treated with doxycycline (2.5 ng/ml) for 12 h to induce JAK2 and JAK2- 
V617F expression, respectively. Cells were transferred into the incuba- 
tion chamber of a laser scanning microscope and left there for 30 min 
before confocal imaging. 



e24574-6 



JAK-STAT 



Volume 2 Issue 3 






B 



JAK2-wt 



JAK2-V617F 




Gab1-wt 



Gab1- 
S552.568A 






DMSO 



U0126 



Gab1- 
S552,568E 




Figure 4. JAK2-V617F-dependent membrane binding of Gab1 is MAPK dependent. (A) HEK JAK2-V617F/Gab1-GFP cells were seeded and cultivated on 
poly-L-lysine-coated glass bottom dishes. On the following day the medium was replaced by phenol red-free DMEM/10% FCS and cells were left for 
24 h in the incubator. Cells were treated with doxycycline (2.5 ng/ml) for 9 h to induce JAK2-V617F expression. Cells were transferred into the incuba- 
tion chamber of a laser scanning microscope and left there for 30 min. Subsequently, U0126 (20 (jlM) or solvent alone (DMSO) was added for additional 
2.5 h in the presence of doxycycline. Imaging was performed before (-) and after (+) treatment with the inhibitor or solvent. (B) HEK JAK2/Gab1-GFP, 
HEK JAK2/Gab1-S552A-S568A, HEK JAK2/Gab1-S552E-568E, HEK JAK2-V617F/Gab1-GFP, HEK JAK2-V61 7F/Gab1 -S552A-S568A, and HEK J AK2-V61 7F/Ga bl - 
S552E-S568E cells were seeded and cultivated on poly-L-lysine-coated glass bottom dishes. On the following day the medium was replaced by phenol 
red-free DMEM/10% FCS and cells were left for 24 h in the incubator. Cells were treated with doxycycline (2.5 ng/ml) for 12 h to induce JAK2 and JAK2- 
V617F expression, respectively. Cells were transferred into the incubation chamber of a laser scanning microscope and left for 30 min before confocal 
imaging. 



compounds e.g., histone deacetylase (HDACs) inhibitors, 56,57 
demethylating agents, 58 or HSP90 inhibitors 59,60 have been tested 
for their potential therapeutic activity in MPN. However, here 
we present data which indicate that JAK2-V6l7F-dependent 
MAPK and PI3K activation are connected. MAPK and PI3K 
signaling pathways are coupled through Gabl and thus repre- 
sent novel potential targets for interfering with JAK2-V617F- 
dependent pathological cell proliferation. Interestingly, not only 
simultaneous inhibition of JAK and MEK1 (Fig. 1) but also the 
combination of PI3K/Akt/mTOR pathway inhibitors with a 
MEK inhibitor synergistically suppresses proliferation of JAK2- 
V617F-expressing cells from MPN patients (Fig. 8). These data 
suggest that also a specific inhibition of STAT-independent path- 
ways and their mutual regulation need to be considered to design 
novel therapeutic strategies to cope with JAK2-V6l7F-dependent 
neoplasia. 

Our study demands to consider crosstalk mechanisms as 
potential new targets. This may increase the specificity for 
intervention approaches compared with the interference in 



very upstream signaling elements such as receptor kinases or 
receptor-associated kinases. Furthermore, combined targeting 
of downstream elements which act synergistically may increase 
the efficiency for the treatment, compared with single inhibitor 
approaches. The study presented here elucidates the crosstalk of 
the MAPK and PI3K cascade both initiated in JAK2-V617F- 
expressing cells. 

Materials and Methods 

Materials. All compounds were dissolved in DMSO at a con- 
centration of 10 mM. MK2206 was from Selleck chemicals and 
JAK inhibitor 1 (JI1), U0126, LY294002, and Wortmannin were 
from Calbiochem (Merck Biosciences). 

Cells. The HEK Flp-In stable transfectants inducibly express- 
ing JAK2 (wild-type) and JAK2-V617F were described previ- 
ously 27 and maintained in Dulbecco's modified Eagle's medium 
(DMEM, Lonza), supplemented with 10% fetal calf serum 
(FCS), 100 mg/1 streptomycin, and 60 mg/1 penicillin. The 
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Figure 5. JAK2-V617F-dependent membrane binding of Gab1 is PI3K dependent. (A) HEK 
JAK2-V617F/Gab1-GFP,HEKJAK2-V617F/Gab1-APH-GFP,and HEK JAK2-V617F/Gab1-PH-GFP 
cells were seeded and cultivated on poly-L-lysine-coated glass bottom dishes. On the fol- 
lowing day the medium was replaced by phenol red-free DMEM/10% FCS and cells were 
left for 24 h in the incubator. Cells were left untreated or treated with doxycycline (2.5 ng/ 
ml) for 12 h, transferred and subjected to confocal imaging as described in Figure 4B. (B) 
HEK JAK2-V617F/Gab1-GFP cells were cultivated, induced with doxycycline (2.5 ng/ml) and 
transferred into the incubation chamber as described in (A) and Figure 4B. Subsequently, 
LY294002 (40 (jlM, 10 min), Wortmannin (100 nM, 30 min), or solvent (10 min) was added. 
Imaging was performed before (-) and after (+) treatment with the inhibitors or solvent. 



HEL (human erythroleukemia) cell line was 
purchased at DSMZ and maintained in RPMI- 
1640 medium (Lonza) supplemented with 10% 
FCS, 100 mg/1 streptomycin, 60 mg/1 penicil- 
lin, and 2 mM L-glutamine. 

Peripheral blood mononuclear cells (PBMC) 
from JAK2-V6l7F-positive MPN patients 
were isolated by a Ficoll-Paque PLUS (GE 
Healthcare) gradient centrifugation according 
to the manufacturer's instructions. CD34* cells 
were purified using the CD34 MicroBead Kit 
on LS columns and a QuadroMACS Separator 
(all from Miltenyi Biotec) according to the 
manufacturer's protocol. 

Prior to use in proliferation assays CD34* 
cells were amplified by cultivation in StemSpan 
H3000 medium (StemCell Technologies) 
supplemented with 20% serum substitute 
(BIT9500, StemCell Technologies) and 100 
ng/ml FLT3-L, Tpo, and SCF at a density of 
3 x 10 5 to 1 x 10 6 cells/ml. To achieve differen- 
tiation into the erythroid lineage, the cells were 
subsequently cultured in the presence of 50 ng/ 
ml SCF, 50 ng/ml IGF-1, and 3 U/ml Epo at a 
density of 5 x 10 5 to 1 x 10 6 cells/ml. 61 ' 63 

Microarray analysis. HEK JAK2 and 
HEK JAK2-V617F cells were cultivated in 
the absence or presence of doxycycline (1 ng/ 
ml) for 11 h to induce JAK2 or JAK2-V617F 
expression. Total RNA was isolated using the 
RNeasy Kit (Qiagen) according to manufac- 
turer's instructions. RNA quality was assessed 
using the RNA 6000 Nano Assay (Agilent 
2100 Bioanalyzer, Agilent) and RNA quan- 
tity was assessed using the NanoDrop 1000. 
Total RNA (200 ng, RNA integrity number 
of 10) was reverse-transcribed and ampli- 
fied using the Applause WT-Amp ST System 
as described in the manufacturer's manual 
(NuGEN Technologies). Subsequently, sense 
strand cDNA fragmentation and labeling was 
performed according to the Encore™ Biotin 
Module (NuGEN Technologies). The frag- 
mented labeled sample was hybridized to an 
Affymetrix GeneChip (Affymetrix) Human 
Gene 1.0 ST Array (36079 ref. seq. transcripts 
covered). Gene expression levels were pre- 
processed with the robust multi-array average 
algorithm. 64 Only probe sets that have a mean 
detection above background, a /"value less than 
0.05, and a mean expression value greater than 
20 in at least one treatment condition were 
considered for analysis. Transcripts with a fold 
induction more than 2 and P value less than 
0.01 after doxycyclin treatment were addressed 
as inducible genes. 
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Figure 6. PI3K-dependent activation of MAPK and Gabl phosphorylation in JAK2-V617F expressing cells. (A) HEK JAK2 and HEK JAK2-V617F cells were 
cultivated for 12 h in the absence or presence of doxycycline (1 ng/ml) to induce JAK2 and JAK2-V617F gene expression. Where indicated, Wortman- 
nin (100 nM) was added to the cells for 20 min. Subsequently, cells were lysed, whole cell lysates were separated by SDS-PAGE and transferred to a 
membrane by western blot immunodetection. The blots were detected for phosphorylated Gabl, ERK, STAT3, and Akt. After stripping the membranes 
were stained with antibodies against JAK2, Gabl, ERK, STAT3, and Akt to control for equal loading of the gel. (B) HEL cells were treated with 500 nM JAK 
inhibitor 1 for 4 h, with U0126 (10 |jl(V1) for 20 min, with Wortmannin (100 nM) for 20 min or left untreated. Western blots were generated and detected 
for the phosphorylated and non-phosphorylated forms of Gabl, ERK, STAT3, STAT5 and p70 as described in (A). 



RT-qPCR. Total RNA was isolated using the RNeasy Kit 
(Qiagen) according to manufacturer's instructions. One |JLg 
of RNA was reverse-transcribed into cDNA with Omniscript 
(Qiagen) using random hexameric primers according to manu- 
facturer's instructions. Taqman gene expression assays for human 
MMP-10 (Hs00233987_ml), human Serpin B2 (Hs01010736_ 
ml) and human HPRT (Hs99999909_ml) were obtained 
from Applied Biosystems and PCR was performed using qPCR 
Mastermix plus (Eurogentec) . The PCR was performed in a final 
volume of 20 (Jul containing 2 uJ cDNA and 1 |xl Taqman gene 
expression assay solution. Following a 15 min denaturing step 
at 94 °C amplification was performed in 40 cycles (15 sec at 94 
°C, 60 sec at 60 °C, 30 sec at 70 °C) on a Rotorgene (Qiagen). 
The gene of interest and the reference gene were amplified in 
duplicates. The quantification of gene expression was calculated 
using the AACt method. 65 The figure shows the average of three 
biological replicates ± SD. Maximal gene induction was set 100. 

Confocal live cell microscopy. HEK JAK2 and HEK JAK2- 
V617F cells stably transfected with the indicated Gabl-eGFP 
constructs 26 were seeded on poly-L-lysine-coated glass bottom 
dishes (5160-168 Imaging Dish 1.0, MoBi Tec). Twenty-four 
hours later the culture medium was exchanged to DMEM with- 
out phenol red and 10% FCS. On the next day dishes were trans- 
ferred into the pre-heated chamber of the microscope. Live cell 



imaging was performed with a confocal laser-scanning micro- 
scope (LSM700, Zeiss). The temperature of the chamber and of 
the microscope's objective was adjusted to 37 °C; the atmosphere 
was set to 5% C0 2 . Cells were treated as indicated in the figure 
legends. Before detection, the cells were incubated for 30 min in 
the incubation chamber of the confocal microscope. The eGFP- 
fusion proteins were excited using laser light with a wavelength 
of 488 nm. Emission was detected in the range of 493—700 nm. 

Cell lysis and western blot analysis. For the isolation of cel- 
lular proteins, confluent HEK cell cultures were lysed in 300 jjlI 
RIPA-lysis buffer (50 mM TRIS-HC1, pH 7.4, 150 mM NaCl, 
0.5% NP-40, 15% glycerol, 1 mM NaF, and 1 mM Na 3 V0 4 ) 
supplemented with 10 |JLg/ml of each aprotinin, pepstatin 
(Sigma-Aldrich) and leupeptin (MP Biochemicals) as well as 
0.8 |jlM Pefabloc (Carl Roth). HEL cells were lysed directly in 
lx Laemmli buffer. Proteins were separated by SDS-PAGE and 
transferred to a polyvinylidene-difluoride (PVDF) membrane 
(PALL). After blocking the membrane, antigens were detected 
by incubation with the specific primary antibodies as indicated 
(1:1000) and horseradish-peroxidase (HRP) -coupled second- 
ary antibodies (1:7500). The membranes were incubated with 
an Immobilon Western Chemiluminescent HRP Substrate 
(Millipore Corporation). The phospho-STAT3 (9145), phospho- 
ERK1/2 (7383), phospho-Gabl (3233), phospho-JAK2 (3776), 
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Figure 7. Regulation of JAK2-V617F-specific gene induction and erythroid colony formation by MAPKand PI3K pathways. (A) HEK JAK2-V617F cells 
were cultivated for 11 h in the absence or presence of doxycyline (1 ng/ml) to induce JAK2-V617F gene expression. JAK inhibitor 1 (J 11, 500 nM) was 
added together with doxycycline, U0126 (U0, 10 (jlM) orWortmannin (100 nM) were added for the last 6.5 h of cultivation. Gene induction MMP10 and 
SerpinB2 was detected by quantitative real time PCR. (B) CD34 + cells (isolated from JAK2-V617F positive MPN patients) were subjected to CFC assays 
(see Materials and Methods) in the presence or absence of the JAK inhibitor 1 (JI1, 2 (xM), the MEK1 inhibitor U0126 (U0, 10 n-M), or the Akt inhibitor 
MK2206 (MK, 2 |j,M).The erythroid colonies were counted using an inverted microscope after 12 to 16 d of culture. The amount of colonies grown from 
inhibitor-treated cells was calculated as percentage of maximum number of colonies (= untreated control). 



JAK2 (3230), p70 (2708), and phospho-p70 (9234) antibodies 
were purchased from Cell Signaling Technology. The STAT5 
(835), STAT3 (482), ERK1 (94, 93-G), and ERK2 (154-G) anti- 
bodies were obtained from Santa Cruz Biotechnology. The phos- 
pho-STAT5 (611964) antibody was from BD Biosciences, while 
the Gabl antibody (06-579) was from Upstate Biotechnology. 
The horseradish peroxidase-conjugated secondary antibodies 
were purchased from Southern Biotech. Luminescent signals 
were detected using an ECL solution as described before. 66 

Cell proliferation assay. The WST-1 Cell Proliferation Assay 
(Roche) was used according to the provider's protocol. Shortly, 
1-3 x 10 4 of the in vitro differentiated erythroid cells were 
plated in 100 pi growth medium (StemSpan H3000 medium 
with 20% serum substitute BIT9500 and 20 ng/ml Epo and 
Tpo) with the indicated concentrations of inhibitor into wells of 
microtiter plates. After 72 h, 10 pJ of WST-1 reagent was added 
per well and the cells were incubated for 30 min to 4 h at 37 °C. 
The relative proliferation of cells was assessed according to the 
manufacturer's instructions using an absorbance reader (Tecan). 



At least three replicates with cells isolated from three patients 
were performed. 

Colony forming cell (CFC) assay. CD34 + cells (500 cells per 
35 mm dish) were seeded in methylcellulose medium MethoCult® 
H4230 (StemCell Technologies) supplemented with 1 U/ml 
Epo (Calbiochem, Merck4Biosciences), 10 ng/ml IL-3, 10 ng/ 
ml G-CSF and 10 ng/ml GM-CSF (all from PeproTech) accord- 
ing to the manufacturer's instructions. Cells were incubated with 
inhibitors at indicated concentrations or left untreated. The ery- 
throid colony numbers were counted using an inverted micro- 
scope after 12 to 16 d of culture. The amount of colonies grown 
from inhibitor-treated cells was calculated as percentage of the 
maximum number of colonies (= untreated control). Three repli- 
cates with cells isolated from three patients were performed. 

Analysis of drug combinations according to the Chou- 
Talalay method. The inhibitory effect on proliferation by two 
single drugs and their combination was assessed using the WST-1 
proliferation assay (see above). The compounds were applied in 
various concentrations while keeping the concentration ratio 
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between the two inhibitors constant (for 
details see figure legends). A dose-effect 
analysis of the drug combination was per- 
formed using the CompuSyn software 31 " 33 
according to the Chou-Talalay method. 34 
The Combination Index (CI) value is the 
quantitative measure of the dose-effect 
analysis of a drug combination. CI values < 
1 represent synergism, CI > 1 corresponds 
to antagonism and CI ^1 represents an 
additive effect for the drug combination. 
Within the synergistic range the follow- 
ing classification is used. CI < 01: very 
strong synergism; 0.1 < CI < 0.3: strong 
synergism; 0.3 < CI < 0.7: synergism; 0.7 
< CI < 0.85: moderate synergism; 0.85 < 
CI < 0.9: slight synergism. Three replicates 
with cells isolated from three patients were 
performed. 
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Figure 8. The MEK/Erkl/2- and PI3K/Akt-pathway inhibitors U0126 and MK2206 act synergisti- 
cally to supress growth of cells isolated from JAK2-V617F-positive patients. In vitro differentiated 
erythroid cells (from CD34 + cells from three JAK2-V617F positive patients) were subjected to 
proliferation assays and were treated with the MEK inhibitor U0126, the Akt inhibitor MK2206 or a 
combination thereof (ratio of concentrations was kept constant at 3:1) (The concentration in u,M 
is indicated in brackets). After 72 h 10 uj of WST-1 reagent was added and the relative prolifera- 
tion of cells was assessed according to the manufacturer's instructions using an absorbance 
reader. A dose-effect analysis of the drug combination was performed using the CompuSyn 
software. Combination index (CI) values lower than 0.9 indicate a synergistic effect of the drug 
combination. 



All experiments on patient samples were 
approved by the Comite National d'Etique 
de Recherche (CNER) in Luxembourg 
according to the Declaration of Helsinki. An 
informed, written consent of every patient 
included in the study has been obtained. 
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